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Plants are constantly colonized by a myriad of microbial organisms, yet for the most part, they 41 remain asymptomatic. In order to interact with their host plants, pathogenic microbes evolved 42 molecules known as effectors. These secreted molecules (proteins, RNA and small 43 metabolites) manipulate host physiology and development to suppress immune responses and 44 create an environment that promotes the pathogen's proliferation. Following secretion, effector 45 molecules can either remain in the space between the plant cells, the apoplast (apoplastic 46 effectors) or be translocated into the host cytosol (symplastic effectors) (Sánchez-Vallet et al., 47 2018; . As a result of being secreted molecules, effectors are exposed 48 to the host immune system and can induce resistance responses following their recognition. 49 Hence, the evolution of effector coding genes is governed by two major processes, evasion of 50 host recognition and functional optimization, both of which can result in gene deletion events, 51 gain of new effectors, point mutations, or alteration of gene expression (Sánchez-Vallet et al., 52 2018) . 53
A major problem in effector biology is how to assign function to genes encoding putative 54 effectors. Typically, the genomes of filamentous pathogens code for hundreds or even 55 thousands of effector candidate genes (Duplessis et al., 2011; Lo Presti et al., 2015; Sánchez-56 Vallet et al., 2018) yet, for any given pathogen, only a handful have been functionally 57 characterized. Predicting effector gene function from their sequence is hampered by the fact 58 that most of them lack conserved protein domains or homologs beyond closely related species 59 (Schirawski et al., 2010) . They are also difficult to study by reverse genetic approaches as 60 they generally exhibit functional redundancy. Large scale single knock out studies have 61 identified only a few genes with a measurable contribution to virulence (Hiromasa Saitoh 2012; 62 . This redundancy is believed to counteract recognition by the host immune 63 system. If a single effector targets a given host pathway, losing this effector to avoid host 64 recognition will cause a fitness cost to the pathogen population. However, if multiple effectors 65 target the same pathway, the population can quickly adapt simply by losing the recognized 66 effector without a fitness cost (Sánchez-Vallet et al., 2018) . For example, many fungal 67 pathogens have multiple LysM effectors that bind chitin in order to avoid host recognition or 68 shield their cell wall from degradation by chitinases (de Jonge et al., 2010; Koharudin et al., 69 regions are enriched in transposon sequences, have low gene density, are located to sub-79 telomeric parts of the chromosomes and/or frequently show presence/absence 80 polymorphisms. All of these features are believed to increase the variability of the effector 81 repertoire in a pathogen population (Sánchez-Vallet et al., 2018) . 82
Smut fungi are a class of fungal pathogens that infect grasses and some dicotyledonous plants, 83 producing high amounts of spores in the floral tissues (Kamper et al., 2006; Sharma, Mishra, 84 Runge, & Thines, 2014). Ustilago maydis infects maize and teosintes, inducing the production 85 of galls in all aerial tissues as soon as 7 days post infection. This feature, together with its 86 genetic tractability, has established the U. maydis-maize pathosystem as a model to study 87 biotrophic plant pathogen interactions. In U. maydis, as in other smuts, a large proportion of 88 effector genes are organized in clusters. These effector clusters consist of groups of 3 to 26 89 genes in which related genes are arranged in tandem, likely an evolutionary result of gene 90 duplication events followed by strong natural selection (Dutheil et al., 2016; Kamper et al., 91 2006; Schirawski et al., 2010) . Transcriptomic studies have shown that the expression of these 92 genes is co-regulated. Clustered genes are upregulated upon host infection whereas flanking 93 genes are not (Kamper et al., 2006; Lanver et al., 2018) . In addition, clustered effectors are 94 known to contribute to virulence, although with some degree of redundancy. Individual deletion 95 of seven of these clusters lead to reduced or apathogenic phenotypes (Kamper et al., 2006; 96 Schirawski et al., 2010) . However, besides establishing a general role in virulence, reverse 97 genetic studies have not been successful in establishing the function of effector gene clusters. 98
The plant immune system recognizes two major classes of pathogen-derived molecules, 99 pathogen/microbial associated molecular patterns (PAMPs/MAMPs) and effectors. PAMPs are 100 highly conserved, essential structural components of the pathogen and cannot be modified 101 without large fitness costs. These include bacterial flagellin, fungal chitin, and β-glucans 102 (Dodds & Rathjen, 2010; Jones & Dangl, 2006 The pleiades, a cluster of secreted proteins that contribute to virulence 138
The U. maydis pleiades cluster (Cluster 10A) encodes ten proteins, which, beyond their 139 predicted secretion signals, lack any sequence similarity to known protein domains. 140
Additionally, no cysteine residues (which are frequent in apoplastic effectors) are encoded 141 outside of the predicted secretion signals. The pleiades contain three gene families, A 142 (UMAG_03745, UMAG_03746, UMAG_03747 and UMAG_03750) B (UMAG_03748, 143 UMAG_03749) and C (UMAG_03752, UMAG_037453), based on protein sequence similarity 144 (25% or more). Two genes (UMAG_03744 and UMAG_03751) encode for proteins without 145 homology to any other protein in the cluster (Fig1 a). While none of the pleiades show paralogs 146 outside of the cluster, orthologs of all three gene families are well conserved across the 147 sequenced smut fungi and display high synteny between U. maydis, Sporisorium reilianum, 148 and S. scitamineum, Thus, the gene cluster is conserved among these species (Table S1) . 149
The transcriptional regulation of the pleiades during the various life-stages of U. maydis reveals 150 that they are transcriptionally upregulated during the biotrophic phase of the fungus (Lanver et predicted the presence of secretion signals for all proteins with high confidence, whereas 153 analysis of the two immediately neighboring genes (UMAG_03743 and UMAG_03754), 154 showed that they code for proteins without secretion signals (Table S2) . We verified the 155 secretion of two Pleiades by monitoring the localization of mCherry fusions of Tay1 156 (UMAG_03752) and Mer1 (UMAG_03753) proteins expressed by U. maydis during biotrophic 157 growth in maize. Three to four days post infection (dpi), U. maydis expressing Mer1SP-158 mCherry-Mer1 or Tay1SP-mCherry-Tay1 showed localization of the mCherry signal in the 159 edges and tips of the hyphae (Fig 1b, Fig supplement S1c ) and at the host cell to cell crossings 160 (Fig 1b, arrowheads) . On the other hand, U. maydis expressing mCherry-Mer1 (without its 161 predicted secretion signal) showed a diffuse localization of the mCherry signal throughout the 162 whole hyphae (Fig 1b) . We next used the U. maydis AB33 strain to express Mer1 and Tay1 in 163 axenic culture. AB33 filaments in vitro in response to nitrate, mimicking to some degree 164 developmental changes induced during host colonization (Brachmann, Weinzierl, Kämper, & 165 Kahmann, 2001) . Using the strong, constitutive otef promoter we found that full length Mer1-166 3xHA and Tay1-3xHA accumulated in both, the cell pellet and culture supernatant fractions, 167
whereas the non-secreted protein Actin was only detectable in the cell pellet fraction (Fig 1c,  168 Fig supplement S1d). When using the tay1 promoter (which is ten times stronger than the mer1 169 promoter (Lanver et al., 2018), we could not detect the expression of these proteins in vitro 170 ( Fig 1d) . Taken together, the presented data shows that Mer1 and Tay1 are soluble proteins 171 secreted by U. maydis into the biotrophic interphase upon host colonization. 172
Deletion of the whole pleiades cluster has been shown to impair virulence of U. maydis 173 (Kamper et al., 2006) . Therefore, we generated deletions strains in the solopathogenic SG200 174 U. maydis background to dissect the specific virulence contribution of individual gene families 175 within the pleiades. We generated deletions of the entire gene cluster, individual gene families 176 or all the genes in the cluster except atl1 (formerly ten1, UMAG_03744), since the latter was 177 previously reported to contribute to virulence (Erchinger, 2017) . Deletion of the whole cluster 178 had the strongest effect on virulence. Plants infected with this strain predominantly showed 179 mild disease symptoms like chlorosis and small galls (Fig 1d) . Simultaneous deletion of the 180 gene families A, B, C together with plo1 also showed a considerable reduction in virulence, 181
although not as strong as in the whole cluster deletion. Finally, deletion of family C showed a 182 mild defect in virulence, which could be complemented ectopically by either tay1 or mer1. 183
Deletion of family A or B alone did not show any measurable effect on virulence (Fig 1d) . 184
Altogether our experiments show that the pleiades contribute to virulence additively and that 185 atl1 has the greatest impact. Zhang, Wei, & Collinge David, 1997) and examined them by wide field and fluorescence 259 microscopy. Maize leaves infected with SG200 Δple showed strong DAB precipitation that 260 accumulated around the invading hyphae, whereas SG200-infected leaves were hardly 261 stained, and hyphae appeared mostly transparent by wide field microscopy (Fig 2a) . Hyphae 262 that did not show DAB precipitation could be stained by the chitin-binding WGA-Alexa Fluor 263 488 dye (WGA-AF488), indicating that all examined areas were colonized by U. maydis 
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The paralogs Tay1 and Mer1 target different cellular compartments 319
To clarify how Tay1 and Mer1 suppress ROS production, we analyzed their sub-cellular 320 localization. We constructed mCherry fusions of Tay1 and Mer1 and expressed them in maize 321 epidermal cells by biolistic bombardment. GFP-nuclear localization signal (NLS) was co-322 transformed and used as a nuclear marker. Confocal microscopy showed that mCherry-323
Tay128-398 localized primarily to the cytoplasm and almost no mCherry signal was detected in 324 the nucleus (Fig 3a) . On the other hand, mCherry-Mer123-341 was in the nucleus as well as the 325 in the cytoplasm (Fig 3a) . These results lead us to hypothesize that these paralogs may target 326 different cellular compartments in order to suppress ROS production. We tested this 327 hypothesis using a mis-localization approach. We fused Tay1 and Mer1 to either an NLS, NES 328 (nuclear export signal) or Myr (myristoyl lipid anchor signal, targeting proteins to the 329 cytoplasmic side of the plasma membrane) and expressed these proteins in N. benthamiana. 330 Myc-tag fusions of Tay128-398 and Mer123-341 were used as controls since this tag is not expected 331 to affect cellular localization. Plants were treated with flg22 and ROS production was monitored 332 over time as described above. Localizing each paralog to different cellular compartments had 333 opposite effects. Tay1 showed an increased ROS-burst inhibition upon forced cytoplasmic 334 localization (NES and Myr fussions). Fusing Tay128-398 to the NLS signal did not affect its 335 activity (Fig 3b) . In contrast, Mer1 showed decreased ROS-burst inhibition upon forced 336 cytoplasmic localization (NES and Myr fussions). Fusing Mer123-341 to the NLS signal did not 337 affect its inhibitory activity (Fig 3c) . Hence, by integrating the maize microscopy studies with 338 the N. benthamiana mis-localization data, we propose that Tay1 acts in the host cytoplasm 339
whereas Mer1 acts in the host nucleus. 2006b). To independently verify this interaction, we cloned four of the five predicted RFI2 366 homologs from maize, the two predicted homologs from Arabidopsis (we renamed the only 367 characterized homolog AtRFI2A and its uncharacterized paralog RFI2B) and the only predicted 368 homolog from N. benthamiana into a prey vector and tested their interaction against BD-Mer1 369 23-341. All homologs showed interaction with BD-Mer123-341 on intermediate stringency media (-370 L, -W, -H). Additionally, the homologs ZmRFI2A, ZmRFI2B, ZmRFI2T, and NbRFI2 showed 371 interaction on high stringency media (Fig 4a) . ZmRFI2T is a truncated variant, isolated from 372 the cDNA library, that lacks the RING domain ( Fig 4b) . Additionally, HA-YFP was not co-precipitated in the presence of 384
Myc-Mer123-341 (Fig 4b) . These results show that the interaction between Mer1 and RFI2 385 homologs is specific. 386
Since we established earlier that Mer1 targets the host nucleus (Fig 3) , we tested whether 387 RFI2 homologs also localize to this cellular compartment. As before, we co-bombarded 388 fluorescently labeled proteins into the maize epidermis and verified their localization by 389 confocal microscopy. GFP-ZmSRFI2A co-localized with mCherry-Mer123-341 in the nucleus and 390 cytoplasm. GFP-ZmSRFI2A and mCherry-Mer123-341 co-localized in the nucleus and to a lesser 391 extent, in the cytosol. (Fig 4c) . Co-expression of GFP-ZmSRFI2A, GFP-AtSRFI2A or GFP-392
AtSRFI2B with mCherry-Mer123-341 in the epidermis of N. benthamiana showed similar results, 393
although the nuclear localization of the E3s was more pronounced in this system ( 
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For each homolog, the most stable mutant was named "S". YFP-3xHA is shown for comparative Myc-Mer123-341 showed a reduced PAMP-triggered ROS burst compared to wild-type (Col-0) 431 plants (Fig 5a) . Interestingly, this phenotype occurred even at low expression levels of Mer1, 432
indicating that the mechanism of ROS-burst suppression is requiring only minor effector 433 amounts (Fig supplement S5c) . The rfi2A and rfi2B knock out plants also showed a reduced 434 ROS burst, similar to that of Myc-Mer123-341 plants. Finally, the double knocks out rfi2A/rfi2B 435 did not show a further ROS burst reduction upon flg22 treatment compared to the single knock 436 outs (Fig 5b) . This data, together with evidence from the literature, indicate that RFI2 family 437 proteins are the targets of Mer1. They are necessary for ROS production in response to 438
PAMPs and this role is conserved across monocots and dicots. 439
Arabidopsis plants expressing Mer123-341 also showed an early flowering phenotype compared 440 to their Col-0 background when grown under long day conditions (Fig supplement S5a, S5b) . 441
In contrast, rfi2A and rfi2B plants did not flower, while the rfi2A/rfi2B double knockout flowered 442 slightly late (Fig supplement S5b) . 443
Since expression of Mer123-341 phenocopied the rfi2 knockouts, we hypothesized that Mer1 444 must have an inhibitory effect on the E3s. To test this hypothesis, we produced and purified 445
Myc-Mer123-341, MBP-HA-AtRFI2A and MBP-Strep-AtRFI2B from Escherichia coli and assayed 446 the effect of Mer1 on the ubiquitination activity of the E3s in vitro. Both E3s showed a moderate 447 auto-ubiquitination activity, that was strongly enhanced by addition of Mer1 (Fig 5c) . In the 448 case of AtRFI2A, we could detect the higher molecular weight autoubiquitination products of 449 the E3 by western blot directly with α-HA and α-Ubiquitin antibodies. In the case of AtRFI2B, 450 we could only detect the ubiquitination products with the α-Ubiquitin antibody. As negative 451 controls, we performed reactions lacking either E1 or E3 enzymes, which showed no 452 ubiquitination products. The analysis of the U. maydis genome revealed that a significant number of putative effector 507 genes, whose expression is induced upon host infection, are physically clustered in the 508 genome (Kamper et al., 2006) . Similar to prokaryotic operons, gene clusters are commonly 509 found in diverse fungi to co-regulate functionally connected genes (Howlett, Idnurm, & 510 Heitman, 2007; Keller & Hohn, 1997; Rokas, Wisecaver, & Lind, 2018). As no functional 511 characterization of an U. maydis effector cluster has been reported, a common role for these 512 clusters during biotrophy was based on assumptions (Kamper et al., 2006) . Here, by using an 513 approach analogous to those used for fungal metabolic gene clusters (Howlett et al., 2007) , 514 although relying on heterologous gene expression rather than knock outs, we demonstrate that Nonetheless, we propose that the Pleiades are valuable tools to identify and dissect conserved 560 elements of the plant immune system. 561
Our work provides a prime example of functional redundancy by demonstrating that eight 562 clustered effectors collectively inhibit PAMP-triggered ROS-burst. Where the pathogen relies 563 on a battery of tools to ensure that critical defense responses are efficiently suppressed during 564 host colonization. This redundancy might allow subpopulations of U. maydis to lose some of 565 the pleiades in order to avoid recognition by particular host genotypes, while still maintaining 566 the ability to suppress PAMP-triggered ROS burst (Sánchez-Vallet et al., 2018). Alternatively, 567 there might be some degree of specialization amongst the Pleiades. For example, different 568
Pleiades may vary in their efficiency at targeting different host protein alleles. Maintaining many 569 different Pleiades could therefore be an adaptation to a genetically diverse host such as maize 570 (Schnable et al., 2009) . Indeed, some of the Pleiades show a certain degree of functional and 571 mechanistic specialization. Cel1 and Atl1 inhibit ROS burst only when triggered by chitin or 572 flg22, respectively. In the case of Atl1, the fact that a fungal effector specifically inhibits flg22 573 dependent immunity might be an indication that it targets BAK1-dependent pathways. This co-574 receptor interacts with many PRRs and thus is necessary for the perception of many PAMPs, Additionally, during seedling infection, the expression of atl1, mai1, ste1, and ele1 peak 2 days 581 after infection while the rest of the pleiades peak 4 days after infection or later (Lanver et al., 582 2018) . 583
Considering that in smut fungi effectors frequently emerge by gene duplication followed by 584 rapid diversification (Dutheil et al., 2016; Schirawski et al., 2010) , it is likely that a similar 585 evolutionary history favored the appearance of new functional variants within the pleiades 586 cluster. For the paralogs Tay1 and Mer1, which are encoded by adjacent genes in the cluster 587 and share 31% identity at the amino acid level, our mis-localization studies show that they 588 suppress ROS production in different sub-cellular compartments (cytoplasm or nucleus). 589
Furthermore, tay1 is widespread across smuts whereas mer1 is restricted to the closely related 590 U. maydis, S. relianum, and S. scitamineum, where tay1 and mer1 are neighboring genes (Fig  591 supplement S1a). Thus, tay1 and mer1 show the characteristics of a neofunctionalization 592
event. 593
Finally, the phenotypes of Arabidopsis plants expressing Mer1, reduced immunity and early 594 flowering, suggest a connection between both processes. Although a similar link has been 595 reported before for the Arabidopsis pub13 and rice spl11 knock outs, these phenotypes have 596 been attributed to increased salicylic acid (SA) levels in these mutants. However, since high 597 SA levels are known to increase PAMP triggered immunity (J. Liu et al., 2012; Tateda et al., 598 2014) , it is unlikely that the early flowering phenotype of Mer1 plants is due to increased levels 599 of this hormone. In addition, although atrfi2A has been shown to negatively regulate flowering 600 time in the Arabidopsis accession Ws-0 (Chen & Ni, 2006b) neither Atrfi2A, Atrfi2B, nor the 601 Atrfi2A/Atrfi2B double mutant showed an early flowering phenotype in the Col-0 accession. 602
However, these two accessions are notoriously different with regards to their flowering 603 behavior (Passardi et al., 2007) , which might indicate the presence of an additional factor that 604 needs to be inactivated in Col-0 in order to reveal the early flowering phenotype. Accordingly, 605 this factor could be affected by Mer1. Nonetheless, an effector that dampens immunity while 606 simultaneously promoting flowering would be a great advantage for smuts, which usually 607 sporulate only in the host floral tissues. This is in line with the concept that effectors frequently 608 target regulatory nodes to shift the balance from immunity to growth and development (Uhse 609 & Djamei, 2018) . 610
In conclusion, we have shown that Pleiades, a heterogeneous group of proteins, whose genes 611 cluster in the genome of U. maydis, share the ability to suppress PAMP triggered immunity. a benthamiana (Figure 2b) were generated by Gateway Cloning (Katzen, 2007) . All other 635 plasmids were generated by the GreenGate system (Lampropoulos et al., 2013) . The modules 636 used were either amplified by PCR or obtained from the published system. Additionally, we 637 generated two GreenGate destination vectors. pECGG, is based on a pET backbone and was 638 used for expression of proteins in E. coli. pADGG, is based on a pGAD backbone and was 639 used as prey vector for yeast two hybrid assays. 640 U. maydis knock out strains were generated by homologous recombination with PCR-derived 641 constructs (Kämper, 2004) . For complementations and protein expression, strains were 642 generated by insertion of p123 derivatives into the ip locus (Loubradou, Brachmann, 643 Feldbrugge, & Kahmann, 2001). Transformants were verified by southern blot and/or PCR. All 644 plasmids and strains used in this study can be found in Supplementary materials. 645
Maize infection assays 646
Pathogenicity assays and disease symptom scoring were performed as described by (Kamper 647 et al., 2006) . Briefly, U. maydis SG200 and its derivatives were cultured in liquid YepsLight 648 Yeast transformation and two-hybrid assays 701
All yeast protocols were done according to the Yeast Protocols Handbook (Clontech, 702
Mountainview, CA) with minor modifications. Strain AH109 was transformed with bait vectors 703 (pGBKT7 and derivatives) and strain Y187 was transformed with prey vectors (pAD, pADGG 704 and derivatives) by the LiAc/PEG method. All positive clones were verified for the presence 705 of the corresponding plasmid by DNA extraction with 20mM NaOH and PCR (Supplementary  706   materials) . 707
The Y2H screen was performed by mating the strain carrying pGBKT7-Mer123-341 (bait) against 708 a yeast library carrying cDNA from maize tissue infected with U. maydis in the pAD vector 709 (Farfsing, 2004) . Positive clones were selected in high stringency media (SD -leu, -trp, -ade, -710 his). 711
For one to one matings AH109 pGBKT7-Mer123-341 or AH109 pGBKT7 were mated against 712 ground with mortar and pestle in 5 ml of H2O for 5 m, transferred to a falcon tube, microwaved 759 for 40 s, sonicated for 5 m, centrifuged at 1800 g for 5 m, the supernatant was transferred to a 760 new tube, vortexed for 15 m and stored at 4°C. Before use, the suspension was diluted 1:1 in 761 H2O and supplemented with HRP (as described above) and luminol (34 µg/ml Sigma-Aldrich 762 cat# 123072). Reactive oxygen species production was monitored by luminescence over 30-763 40 minutes in a microplate reader (Synergy H1, BioTek). At least 3 plants per 764 construct/genotype were used in each experiment. All experiments were performed at least 3 765
times. 766
Protein production in E. coli and ubiquitination assays 767
Recombinant protein production was done as follows: His-AtUBA1 and His-AtUBC8 were 768 produced in E. coli strain BL21 AI (ThermoFisher). All cultures were grown in LB Ampicillin at 769 37°C to an OD600nm of 1, cold shocked on ice for 20m and protein production was induced by 770 adding L-Arabinose (0.2%), or L-Arabinose plus ethanol (1.5%) in the case of UBA1. Cultures 771 were further incubated for 5h at 22°C and cell pellets were frozen at -80°C until further 772 processing. All remaining proteins (His-Myc-Mer123-341, His-MBP-HA-AtRFI2A, His-MBP-773
Strep-AtRFI2B) were produced in E. coli BL21 pLys. Cultures were grown in LB Spectinomycin 774 at 37°C to an OD600nm of 0.6 and protein production was induced by adding IPTG (0.5 mM). 775
Cultures were further incubated 3h at 37°C or o.n. at 22°C in the case of His-Myc-Mer123-341 776 and cell pellets were frozen at -80°C until further processing. The version of Mer1 used here 777 was codon optimized for E. coli. 778
All proteins were extracted in: Tris/HCl 50mM pH 7.5, NaCl 300mM, Glycerol 10%, imidazole 779 20 mM and protease inhibitors as described above. Proteins were purified with Ni-NTA agarose 780 resin (Quiagen, cat# 30210), washed with extraction buffer supplemented with imidazole 160 781 mM and eluted with the same buffer supplemented with imidazole 250-400mM. Proteins were 782 Conceptualization: Fernando Navarrete, Armin Djamei. 812 Funding acquisition: Armin Djamei. 813 Investigation: Fernando Navarrete, Nenad Grujic, Alexandra Stirnberg, David Aleksza, Hazem 814
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